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The purpose of the present study has been to obtain evidence defining the 
chemical conformation of injurious agents that cause inflammation; it has to 
do with the pharmacology of inflammation. 
There is no agreement on what shall be regarded as inflammation  and some have 
avoided use of the word. Inflammation is accompanied  by the mobilizations  of cells 
and fluid together with dissolved substances,  at the site of injury. In animals with a 
vascular system inflammation  increases  permeability of blood  vessels,  brings  with 
it exudation of fluid in which are proteins and other substances.  These include agents 
which  promote natural and acquired immunity. Fibrin, leucocytes containing pro- 
teolytic enzymes, and red blood corpuscles form part of the exudate. 
When ~nflammation pursues a  favorable course it removes injurious agents,  de- 
stroyed tissue, and exuded fluid. The resolution of an inflammatory reaction restores 
the part to normal and when it occurs,  marks the terminal stage  of inflammation. 
Regeneration of tissue, often conspicuously associated  with inflammation,  represents 
a sequence of events with characteristics of their own. 
PART  I 
Inflammation  Caused by Electrolyles 
The present  experiments provide means  by which  the  activity of  the  in- 
flammatory reactions caused by different agents can be measured in terms of 
characteristic constituents of inflammatory exudates. Earlier experiments (1) 
made it evident that inflammation, with exudation of fluid and migration of 
leucocytes, accompanied the measurable necrosis that was  caused by the in- 
jection of various substances into the dermis of small laboratory animals.  It 
was  thought that intravenous injection of a  dye such as  trypan blue might 
offer opportunity to measure  the extent of inflammatory exudation in fixed 
tissues, but the results of the procedures that were used proved to be disap- 
pointing. Later it seemed possible that quantitative examination of exudates 
that accumulated in a  serous cavity following intraperitoneal injection of in- 
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jurious agents might give significant measure of the changes characteristic of 
inflammation. 
Method 
In the present experiments the progress of an inflammatory reaction was measured 
by the movement of fluid from the blood into the peritoneal cavity, bringing protein 
with it, by the migration  and accumulation  of leucocytes, and by fixation of fibrin 
and leucocytes upon the omentum. It was necessary to use a small animal for these 
experiments and the white rat on a diet of protein  and carbohydrates  seemed best 
adapted to the purpose in view. Changes that were found 1 hour after intraperitoneal 
injection of an irritant represented  an early stage of inflammation. After 3 hours in- 
flammation was well established and its characteristics were more definable. 
Tentative experiments were made in the attempt to find a  routine method 
by which the intensity of an inflammatory reaction might be recorded. Solu- 
tions  of  known  concentration  were  injected  into  the  peritoneal  cavity  in 
quantity adjusted to the body weight for each animal, in most instances 2 cc 
per  100 gm of body weight. 
Injections were made with precautions for asepsis. The animals used weighed 
preferably from 150 to 200 gm and they received no food during 24 hours before 
injection. They were killed by bleeding from the vessels of the neck. The fluid 
in the peritoneal cavity was measured at once and increase or diminution of it 
during the experiment was recorded in per cent of that which was injected. 
It has been assumed that the number of polymorphonuclear leucocytes in 
the minute volume of fluid within the normal peritoneal cavity is not significant 
in relation to the recorded per cent of change. Leucocytes of the inflammatory 
exudates, in great part polymorphonuclear leucocytes, were counted in 1 mm  3 
of fluid. The number of them in the measured quantity of peritoneal fluid was 
divided by 105 and recorded in the appended tables. Their fixation upon the 
surface  of  the  peritoneum,  especially upon  that  of  the  omentum evidently 
reduced the number found free in the fluid. 
The relative protein content of the peritoneal fluid was determined by the 
turbidity caused by the protein after it had been precipitated by trichloracetic 
acid made up in a 0.25  saturated solution of ammonium sulfate (Kunitz and 
Northrup,  2).  Turbidity was  read  upon  the  logarithmic  scales  of  a  Klett- 
Summerson photoelectric colorimeter and was recorded in units of this scale. 
Standard readings were obtained by dilutions of the plasma of blood drawn 
from the heart of white rats during life (Table I). With inflammation, as is well 
known, the protein content of the exudate varies widely. Turbidity readings 
gave opportunity to compare the protein content of the exudate with that of 
the blood plasma from which it was derived. 
The application of the method which has been described has some limita- 
tions. Substances with scant solubility cannot be tested or can be tested only EUGENE  L.  OPIE  427 
in  dilute  solutions.  Toxicity may prevent  the  u~e  of some  solutions  and  is 
doubtless referable to fatal organic changes. 
The experiments have been made with the able assistance of Miss Marika 
Tershakovec. 
Protein  Turbidity of Plasma 
Proportional  dilution of 
plagmn of blood, .......  0.1 
170 
132 
119 
140 
120 
112 
141 
112 
120 
125 
TABLE  I 
of Blood Drawn flora the Hearts c 
0.2 
268 
238 
222 
249 
241 
214 
240 
188 
236 
230 
0.3  0.4 
350  420 
315  370 
310  380 
325  395 
335  375 
280  345 
310  380 
310  380 
305  395 
298  375 
314  382 
' Ten Animals 
0.5 
380 
435 
425 
430 
415 
0.6 
430 
475 
466 
475 
450 
Average  ..........  129  233  417  459 
TABLE  II 
Inflammation Caused by Inlraperitoneal  Inject&m of Water 
After 1 hr.  After 3 hrs.  After 5 hrs. 
Fluid  Leucocytes  Leucocytes 
÷  101  ÷  10  6 
peg  cerd 
-70  65 
Protein 
turbidity 
units 
224 
Fluid 
~erc~nt 
-70  118 
Protein 
turbidity 
units 
295 
n~d  uTT0y,~ 
~ber ana 
--93  48 
See Text-fig. 1. 
Inflammation Caused by Water and by Solutions of Sodium Chloride 
The  inflammatory  reaction  caused by water  will  be  compared  with  that 
caused by physiological salt solution (0.15 molar). 
Double distilled water injected into the peritoneal cavity, was absorbed rapidly 
(Table II, Text-fig.  1). After 1 hour 70 per cent of the 2 cc per 100 gm of body 
weight had disappeared (Table II) and after 5 hours little remained. Neverthe- 
less  characteristic  features  of inflammation  were  evident:  leucocytes in  the 
fluid increased during 3 hours and the protein content of the fluid was about 
three-tenths  that  of the blood plasma.  After 24 hours  the peritoneal cavity 
appeared to be normal. 428  PHARMACOLOGY  OF IN~L~M'~ATION 
Physiological  salt  solution  (0.15  molar)  was  absorbed  slightly  less  rapidly 
(see Tables I  and II and Text-figs. 1 and 2) than water. Leucocytes accumulated 
in number greater thanin water and protein entered the peritoneal fluid. "Physi- 
ological salt solution"  is evidently a  mild inflammatory irritant. 
When  the  concentration  of  the  injected  solution  was  0.3  molar,  with  increased 
osmotic pressure,  the ability of the peritoneum to bring about absorption was for a 
time overcome and  fluid in the  cavity increased slightly during the  1st hour  (Text- 
fig. 2). Later fluid was absorbed slowly. A solution 0.5 molar caused greater exudation 
of fluid during 1 hour but the excess above that injectee was lost after 3 hours. With 
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'I~x~-Fm.  1.  Water  movement, leucocytes,  and  protein  turbidity  with  inflammation 
caused by water. 
solutions  1, 2,  and  3  molar peritoneal  fluid  was much increased  during  1 hour  and 
later with some diminution  remained  after 3 hours in  excess of that which was in- 
jeered  (Table III, Text-fig. 2). 
Accumulation of leucocytes in the peritoneal cavity was a significant feature of the 
reaction  to injected solutions of sodium chloride  (Table III, Text-fig. 3). When 0.15 
molar sodium chloride was injected, the number of leucocytes increased after 1 and 3 
hours at a time when the fluid content of the cavity was diminishing. With solutions 2 
and 3 molar accumulation of leucocytes decreased during 1 hour and with the solution 
3 molar fell to a low level. The number of leucocytes free in the exudate was doubtless 
decreased by their fixation upon the surface of the peritoneum. Injection of sodium 
chloride 1 molar, caused no change in the gross appearance of the omentum but after 
injection of solutions of greater concentration, 2 or 3 molar, the omentum was drawn 
up, compactly retracted along the greater curvature of the stomach, and covered by 
leucocytes  and  fibrin. 
Exudation  of protein  occurred  as  measured  by  its  turbidity  when  precipitated, EUGENE  L. 0PIE  429 
following  intraperitoneal  injection  of  all  the  solutions  of  sodium  chloride  tested 
(Text-fig. 4) and was greater with the more concentrated solutions.  1 hour after injec- 
tion of solutions  2 and 3 molar turbidity units recorded for the peritoneal fluid repre- 
sented protein approximately half that of blood plasma (see Tables I and III). 
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TExT-Fzo. 2.  Water movement with inflammation caused by solutions of sodium chloride 
with concentration from 0.15 to 3 molar. The fluid level immediately after injection is indi- 
cated by the horizontal line marked 100 per cent. Loss or gain of fluid is shown by minus 
(-) or plus (+) signs. R indicates that the omentum was found to be retracted. 
Absorption  of Fluid Following Intraperitoneal  Injection of Solutions  of Sodium 
Chloride after Death 
Hamburger  (3)  made  the  remarkable  discovery  that  solutions  of  sodium 
chloride  were  absorbed  from  the  peritoneal  cavity  after  death.  Adler  and 
Meltzer (4)  described experiments which showed that absorption of solutions 
of sodium chloride from the peritoneal cavity of rabbits was approximately the 
same in dead and in living animals.  Experiments on white rats confirm this Fluid volume 
Time 
hr$. 
1 
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Leucocytes+10  r 
Protein  turbidity 
units 
0.15 
I  ~r  cent 
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See Text-figs. 2 and 3. 
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TABLE III 
Changes in  Fluid  Volume, Leucocytes, and  Protein  with  Inflammation  Caused by Solutions 
of Sodium  Chloride 
0  I  I  I 
Hours  I  2  3 
TExT-FIG. 3. Leucocytes with changes during inflammation caused  by injection of solu- 
tions of sodium chloride into the peritoneal cavity. 
conclusion  and  show  that  absorption  of physiological  salt  solution proceeds 
with  approximately  the  same  rapidity  before  and  after  death  (Table  IV, 
Text-fig. 5). 
Animals anesthetized  with ether were killed by concussion of the brain  and  the 
solution was injected into the peritoneal cavity after respiration had stopped. Within 
the first  ½  hour in both the dead and the living animal almost half of the injected 
fluid had  been  absorbed  and later  little  more  than  a  fourth  remained  (Table  IV, 
(Text-fig. 4).  The number of leucocytes in the peritoneal  fluid of the living animal zuoz~m T..  oPI~  431 
increased  (Table HI) whereas in the dead animal, as might be expected, the numbers 
remained little changed after the first hour. 
Tke Rdation of Inflammation to tke  Valence  of Basic Ions of Salts of an Acid 
In a foregoing study (1) it was found that the ability of electrolytes to cause 
necrosis of the skin varied in accord with the valence of their basic ion. The 
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TF~T-Fzo. 4. Fluid absorption and accumulation of leucocytes  after injection of sodium 
chloride 0.15 molar into the peritoneal cavity of living and of dead animals. 
TABLE IV 
Flukt Absorption and Accumulation of Leucocytes after Injection of Sodium Chloride 0.15 
Molar into the Peritoneal Carity of Living and of Dead Animals 
Ia living animals  After death 
Hrs. 
Fluid  Leucocytes +  10  i  Fluid  Leucocytes +  106 
½ 
1 
3 
5 
9~ cent 
-48 
-57 
-74 
-95 
89 
154 
259 
58 
-49 
--52 
-66 
-71 
89 
69 
87 
58 
quantity  of  different electrolytes needed  to  produce  necrosis  varied  in  the 
same order as the molar concentrations which had been found to be isotonic 
with liver or with kidney cells (6). In this as in other relations the cells acted 
as osmometers and osmotic activity was determined by valence and ion dis- 
sociation  (2),  that  is,  by factors  that  measure  the  colligative properties  of 
electrolytes. 
The present experiments are concerned with the relation of inflammation to 
tissue necrosis and it is evidently desirable to know if the intensity of inflamma- 432  PHARMACOLOGY  OF  INfLaTION 
tion caused by electrolytes varies with the valence of the ions into which they 
dissociate. 
Salts  of one  acid,  namely,  chlorides,  were injected into the peritoneal  cavity. The 
molar concentration of each of the chlorides needed  to produce during  1 hour and 
during 3 hours fluid in excess of the quantity injected is recorded in Table V. Chlorides 
of the injected  solutions have had monovalent bases,  namely, sodium potassium or 
ammonium; bivalent, magnesium or calcium; and trivalent, lanthanum or aluminum. 
In order to produce fluid in excess of that which was injected chlorides with mono- 
+150 - 
o~  °+I00o,_ 
o  +50 
I00 
-  50 
-I00 
tours  I  2  3 
Sodium  citrate 
Sodium 
sulfate 
Sodium 
chloride 
"l~f.xz-FIO.  5. Fluid movement when solutions  of  salts  0.15  molar with the same basic ion 
and  with acid  ions  of  varied  valence  had been  injected  into  the  peritoneal  cavity. 
valent basic ions required  a  greater  concentration  than  chlorides with bivalent or 
trivalent  cations.  (Table  V) 
Under  the  conditions of these experiments  fatal toxicity of some of the  chloride 
solutions prevented measurement of the quantity of fluid exuded, that is to say, when 
the solution to be tested exceeded in concentration the level of this toxicity. Bivalent 
cobalt chloride  was fatally toxic under  the conditions of the experiments in concen- 
tration of 0.015 molar, and hence exudation of fluid and other aspects of inflammation 
could not be measured. 
The number of leucocytes free in the fluid was doubtless diminished by their adhe- 
sion to the surfaces of the peritoneum and especially to that of the omentum. Deposi- 
tion of leucocytes and fibrin upon the omentum causing its retraction is an index of 
intense  peritoneal  inflammation  and  it  occurred  with  much  weaker  solutions  of 
lanthanum and of aluminum chloride (0.05 molar) than with other chlorides. EUGENE  L.  OPIE  433 
Protein content of peritoneal exudate, as measured by the turbidity it produces 
when precipitated, increased with valence. With sodium, potassium, ammonium and 
magnesium  cklorides  readings after 3  hours have been from  171  to 274  units which 
represents protein 0.1 to 0.2 of that in blood plasma. With calcium, lanthanum, and 
TABLE V 
The Rdatlon of Inflammation  to tke Ba.~ Ions of Cttorides 
After 1 hr.  After 3 hrs. 
Va-  Retraction  Fatal 
k.nc  e  of  toxic- 
Fluid excess  Leucocytes  Fluid excess  Leucocytes  Proteinturbid. omentum  ity 
+  10~  +  10~  ity units 
~odium  I 
chloride 
Potassium  I 
chloride 
gmmonium  I 
chloride 
giagnesium  II 
chloride 
.'alcinm  II 
chloride 
banthanum  III 
chloride 
Muminum  III 
chloride 
M 
0.3  225 
0.3  167 
0.5  191 
0.1  238 
0.1  39 
0.15  216 
Fatal tox-  92 
icity  (0.01) 
M  M  M 
2.0  138  274  2.0  3.0 
Fatal tox-  141  215  None  0.5 
icity  (0.3)  (0.3) 
Fatal tox-  206  204  None  0.75 
icity  (0.5)  (0.5) 
0.2  211  171  None  0.3 
(0.2) 
0.1  127  365  0.1  0.15 
0.1  66  480  0.05 
Fatal tox-  39  438  0.05  0.15 
icity  (0.01) 
For each chloride,  as for other salts in following tables, the least molar concentration is 
recorded that produced fluid in excess of the quantity injected. Columns at the right of these 
figures record the number of leucocytes in this fluid. Unless otherwise  specified in this and 
other tables, "Fatal toxicity" indicates that no test could  be made and in these instances 
accumulation of leucocytes followed injection of a solution with weaker molar concentration 
as given in parenthesis. 
aluminum chlorides they varied from 435 to 480 units, these representing at least half 
of the protein in blood plasma (Table I). 
Nitrates with monovalent, bivalent, and trivalent basic ions (Table VI) were in- 
jected into the peritoneal cavity, 2 cc per 100 gm of body weight, and the molar con- 
centration needed to  cause increase of peritoneal fluid was found  to decrease with 
increase of the valence of these ions. A solution of sodium nitrate 1 molar was required 
to cause during 3 hours exudation of fluid in excess of that which was injected. A solu- 434  PHARMACOLOGY  OF  INFLAMM&TION 
fion of calcium nitrate 0.1  molar and of lanthanum  nitrate,  0.05  molar had the same 
effect. The toxicity of magnesium nitrate was so great that fluid accumulation during 
3  hours  could not be tested. The  molar  concentration of nitrates needed to  cause 
retraction of the omentum decreased with increase of valence. 
Similar tests were made with sulfates having bivalent acid ions and monovalent, 
TABLE VI 
Tit* Rdation of Inflammation  to the Basic Ions of Nitrates 
Sodium nitrate 
Magnesium nitrate 
Calcium nitrate 
Lanthanum nitrate 
After 1 hr. 
Fluid 
eXC~S 
M 
0.3 
0.15 
0.1 
0.15 
I~tlCO  o 
CyteS 
+  I0  6 
198 
233 
180 
188 
After 3 hrs. 
Fluid excess  Leucocytes 
+  106 
M 
1.0  123 
Fatal tox-  163 
icity  (0.2) 
0.1  214 
0.05  167 
Protein 
turbidity 
units 
192 
152 
466 
463 
Retraction 
of 
omentum 
M 
3.0 
None 
(0.2) 
0.1 
0.01 
Fatal 
toxicity 
M 
3.0 
0.3 
0.05 
(0.15) 
TABLE VII 
The Relation of Inflammation  to the Basic Ions of Sulfates 
After  1 hr.  After 3 hrs. 
Sodium sulfate 
Magnesium sulfate 
Aluminum sulfate 
Fluid 
exc~s 
M 
0.15 
0.15 
0.2 
~UCC - 
cyt~ 
÷  lff 
272 
102 
252 
Fluid 
exeefis 
M 
0.2 
0.15 
0.15 
I~uco- 
cytam 
+  lO~ 
299 
153 
153 
Protein 
turbidity 
units 
238 
107 
204 
Retraction 
of omentum 
M 
None 
(0.2) 
0.15 
0.05 
Fatal 
toxicity 
M 
None 
(0.2) 
None 
(0.15) 
None 
(0.2) 
bivalent, or trivalent basic ions (Table VII). Mouovalent sodium sulfate and bivalen$ 
magnesium sulfate showed a  relation similar to that of the nitrates but the trivalent 
aluminum  sulfate  did not increase fluid movement into  the peritoneal cavity. The 
omentum was retracted by solutions of aluminum sulfate much weaker than  those 
required to produce the same change by magnesium or sodium sulfate. 
Studies of Hardy and Neville (5) showed that coagulation of various colloid 
solutions by salts varied in accord with  the valence of their acid ions and in 
this  respect  resembled,  though  less  conspicuously,  the  action  of  salts  with 
relation to  their basic ions.  Under  the  conditions of the present experiments EUG~.~TE  L. oPm  435 
the effects of sodium salts of three acids have been compared. The molar con- 
centration necessary to cause exudation of fluid in excess of that injected was 
determined  for  monovalent  chloride,  bivalent  sulfate,  and  trivalent  citrate  and 
is given in Table VIII. It was found to be least with the salt which had mono- 
valent anions and slightly less with  that which had  trivalent  than with that 
having bivalent anions. 
TABLE VIII 
The Rdation of Inflammation to the Valetwe of Add Ions of Sodium Salts 0.15 Molar 
Sodium chloride 
Sodium nitrate 
Sodium sulfate 
Sodium citrate 
Aftex 1 hr. 
M 
0.3 
0.3 
0.15 
0.075 
Fluid exCess 
After 3 hrs. 
M 
1.0 
1.00 
0.15 
0.15 
TABLE IX 
Inflammation Caused by Salts of Heavy Metals 
After 1 hr.  After 3  hrs. 
Ferric chlo- 
ride 
Mercuric 
chloride 
Cupric chlo- 
ride 
Silver nitrate 
Fluid excess  Leucocytes 
+  l0 s 
M 
Fatal tox-  115 
idty  (0.3) 
0.0015  308 
Fatal tox-  125 
icity  (0.00015) 
0.1  246 
Fluid excess 
0.15 
0.0015 
Fatal tox- 
idty 
0.015 
Leucocytes 
+  106 
119 
58 
48 
(0.00015) 
382 
Protein 
turbidity 
units 
470 
550 
Retraction 
J 
0.15 
0.0115 
0.0015 
0.015 
Fatal 
toxicity 
// 
0.5 
0.015 
0.001 
0.15 
Text-fig. 5 shows changes d  fluid movement in the peritoneal cavity when 
the three salts were injected into the peritoneal cavity in concentration of 0.15 
molar. Fluid entered the peritoneal cavity in quantities which increased with 
increase of the valence d  the anion of the salt. 
The  Production  of Inflammation  by  Salts  of Heavy  Metals 
The following experiments (Table IX) were undertaken in order to compare 
chlorides  of 3  heavy metals with chlorides  of the  electrolytes listed in Table 
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Toxicity proved least with ferric chloride  and it was fatal in a  0.3 molar solution 
being approximately that of aluminum chloride. With cupric and mercuric chlorides 
toxicity was much greater and was fatal with solutions 0.0015  molar. When the in- 
jected material had this toxicity it was not possible to measure movement of fluid nor 
of leucocytes within the peritoneal cavity. Nevertheless, retraction of the omentum 
with deposition of fibrin and leucocytes upon it gave evidence that the severity of the 
inflammatory reaction was much greater with chlorides of these heavy metals than 
with the other chlorides that were tested. The protein content of exudates produced by 
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o +50 
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0.015M 
~  O,O015M 
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T~xT-Fm. 6.  Movement of water when solutions of silver nitrate 0.0015 to 0.15 molar 
were injected into the peritoneal cavity. D indicates that death occurred.  Of  three animals 
that received silver nitrate 0.15 molar one lived and two died. 
ferric chloride and by mercuric chloride indicates that penetrability of the peritoneal 
membranes was much increased. 
Chlorides of heavy metals in graded  concentrations injected into  the peritoneal 
cavity caused at various levels of molar concentration the formation of a precipitate 
and evidently injured the peritoneal surface which became duU and opaque in appear- 
ance. With thickening and contraction of the peritoneal membrane the loops of the 
small intestine were drawn by their shortened  mesentery into several dumps.  The 
omentum in all such instances was firmly retracted along the greater curvature of the 
stomach. 
Silver ~titrate has been one of the substances most used in the earliest experimental 
studies of  inflammation.  In  the  present  experiments solutions 0.0015  and  0.00015 
molar did not prevent the absorption of fluid from the peritoneal cavity and caused 
mild inflammatory reactions like those which foUowed  injection of physiological salt 
solution (Table IX, Text-fig, 6), A solution of silver nitrate 0.015  molar caused exuda- ~.uGEm~ L. oPm  437 
tion of fluid in excess of that injected, migration of leucocytes in large number, retrac- 
tion of the omentum by fibrin and leucocytes, and unusually high concentration  of 
exuded protein.  Solutions of greater concentration  caused the formation  of a  gray 
precipitate  in small quantity. The peritoneum had a dull opaque appearance as ff the 
tissue were superficially coagulated, and the peritoneal fluid was slightly tinged with 
blood. The omentum was firmly retracted and slightly red. Solutions 0.15 molar were 
in most instances fatally toxic but if the anlrns] survived fluid accumulation exceeded 
that which was injected. 
Solutions of silver nitrate 0.015 and 0.05 molar did not prevent during the 1st hour 
some absorption of peritoneal fluid but later increase in fluid volume (Text-fig. 6) sug- 
gested  the possibility  that contact of the solution with the membranes intervening 
between blood stream and peritoneal  cavity had increased their permeability. 
With salts, chlorides, nitrates, or sulfates, of each of the corresponding acids 
the activity of the inflammatory reaction varied in accord with the ion dis- 
sociation and valence of their basic ions. 
Solutions of chloride, sulfate, and citrate each having the  same  basic ion 
caused inflammatory reactions with activity which increased with the valence 
of the acid ion. 
Chlorides of heavy metals,  as those of iron, mercury, and copper,  caused 
greater  injury of tissue and much more  severe inflammatory reactions  than 
those of other electrolytes. Silver nitrate caused much more active inflamma- 
tion than other nitrates in corresponding molar concentration. These changes 
are referable to the ability of salts of heavy metals to combine with proteins 
and precipitate them. 
The present and foregoing experiments (1, 6) give evidence that intracellular 
osmotic pressure, depression of freezing point, necrosis of tissue, and severity 
of the inflammatory reaction caused by electrolytes occur in accord with the 
ion dissociation and valence which determine their colligative properties. 
PART  II 
Inflammation Caused by Hislamine, Arginine, and Other Amino  Compounds 
The relation of inflammation to the chemical structure of electrolytes (1) has 
suggested the study of inflammatory reactions caused by amino acids and some 
related substances. In view of present interest in the subject, study of the rela- 
tion of histamine to inflammation is especially desirable. 
Experimental study of amino compounds by the method that has been de- 
scribed (Part I) is limited, as with electrolytes, by the solubility and the fatal 
toxicity of some amino acids. In Table X  are  recorded the  changes in fluid 
accumulation, migration of leucocytes, and exudation of protein when solutions 
of various amino compounds with the same volume and graded molar concen- 
tration were injected into the peritoneal cavity. The activity of the inflam- 
matory reaction  was  measured  by the  least molar  concentration needed  to 
produce peritoneal exudate in excess of the quantity that was injected, by the 438  PHARMACOLOGY  OF II~LA~&TION 
number  of leucocytes that  entered  this fluid,  and by the  quantity  of exuded 
protein measured by the turbidity it caused when precipitated by appropriate 
means.  Retraction  of  the  omentum  with  deposition  of leucocytes  and  fibrin 
on its surface was a  characteristic feature of severe peritonitis  under the con- 
ditions of these experiments. 
TABLE X 
Inflammation Caused by Amino Acids and Related Amino Compounds 
Ur~ 
Citrulline 
Creatinine 
Olycine 
Alanine 
Hisfidine 
Arginine 
Histamine 
After i  hr.  After 3 hrs. 
Fluid excess  Fluid excess 
M 
1,0  1.0 
0.3  0.3 
0.3  0.3 
0.3  0.5 
0.5  0.3 
0.3  0.3 
O. 3  Fatal tox- 
icity 
Fatal tox-  Fatal tox- 
icity  icity 
Leucocytes 
+  106 
244 
375 
252 
323  (0.5) 
317 
142  (o.3) 
3o4 (0.05) 
Retraction of !  Fatal 
omentum  toxicity 
None (3)  None (3) 
None  None 
(0.3)  (0.3) 
None (1)  None 
(1.o) 
None (3)  None 
(3.0) 
None  None 
(I.5)  (0.5) 
None  None 
(0.3)  (0.3) 
0.3  0.4 
0.1  0.15 
For each amino compound the least molar concentration  is recorded that produced fluid 
in excess of the quantity injected. Columns st the right of these figures record the number of 
leucocytes in this fluid. 
Solutions of urea, 0.15  and 0.3 molar were in large part rapidly absorbed  (Text- 
fig. 7). Solutions 0.5 molar maintained their volume during 1 hour and later diminished. 
Injection of solutions  1,  2,  and 3  molar caused increases  of peritoneal  fluid in the 
order of their  concentration during  1 hour, and increase  continued during 3 hours. 
Leucocytes entered  the exudate in all instances in considerable numbers (Table X). 
Turbidity measuring protein content of the exudate was relatively scant and varied 
from 130 to 240  units.  None of the solutions that were tested caused retraction of EUGENE  L.  OPIE  439 
the omentum or fatal toxicity and presumably were locally less injurious than solu- 
tions of sodium chloride with corresponding concentration (1). 
Glycine 0.3 molar caused accumulation of peritoneal fluid in excess of that injected 
after 1 and after 3 hours when in concentration 0.5 molar. Changes in fluid movement 
with citrulline,  creatinine,  alanine,  and  kistidine  were almost the  same  as  those of 
glycine (Table X). No retraction of the omentum was caused by the solutions that 
were tested and none of them were fatally toxic. All caused active migration of leuco- 
cytes and exudation of protein in moderate quantity. 
Arginine and histamine were found to be much more active inflammatory irritants. 
Arginine 0.3  molar caused after  1 hour exudation of blood-tinged fluid in excess  of 
I00  - 
~+  50 
"0 
0 
-5o 
Q. 
-I00 
S,OM 
2.0  M 
I.OM 
0.5M 
O.3M 
O. 15M 
I  I  I 
-tours  I  2  3 
TExT-FIo. 7.  Water movement after intrapefitoneal  injection of solutions of urea. 
that which was injected (Text-fig. 8); after 3 hours fluid had been in part absorbed so 
that the quantity remaining was less than that injected. The wall of the small intestine 
was hemorrhagic in places; the omentum was slightly retracted and pink. Death fol- 
lowed the injection of arginine in concentration of 0.4 molar. The wall of the small 
intestine was in great part deep red and hemorrhagic and blood had entered freely 
into the lumen. Protein in the exudate was approximately half that of the plasma of 
the blood. 
Solutions of argiuine are alkaline, a solution 0.15 molar having pH 9.6 and one 0.5 
molar, pH 11.1 (Fig. 3). When argiuine is combined with hydrochloric acid as arginine 
monohydrochloride the reaction of a  solution 0.15  molar becomes approximately pH 
5.6.  In the present experiments arginine monohydrochloride was much less toxic than 
arginine. 
When  solutions  of arginine  monohydrochloride 0.15  molar were used  there  was 
after  1 and 3 hours peritoneal  fluid  (Text-fig. 8) in excess  of that injected and this 
excess was much greater with solutions 0.5 to 1 molar. In the exudates leucocytes were 
numerous and protein was present in moderate quantity. 440  PHARMACOLOGY  O1  e  INFL~M~JkTION 
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TExT-FIO. 8.  Water movement after injection of solutions of arginine. 
Water movement after injection of ar~nlne monohydrochloride. 
Water movement after injection of histamine. 
Water movement after injection of histamine dihydrochloride. 
Hemorrhage into the wall of the small intestine is indicated by heavy lines along the course 
of those recording water movement.  R indicates retraction of the omentum  and D, death. 
Histamine 0.15 molar injected into the peritoneal cavity 2 cc per 100 gm of body 
weight, was found to be fatally toxic. Animals survived the injection of 0.1  molar 
solutions and part of the injected fluid was absorbed (Text-fig. 8). This solution caused 
active migration of leucocytes (Table X)  after 1 and 3  hours respectively, and  the 
omentum was retracted along the greater curvature of the stomach. With a  greater 
concentration, 0.15 molar or more, there was in all instances hemorrhage into the wall 
and lumen of the small intestine (Fig. 1). The peritoneal fluid was blood-stained. EUGENE  L. 0PIE  441 
Hemorrhage into the wall of the small intestine produced by histamine did not 
differ from that following intraperitoneal injection of arginine.  The distal half of the 
small intestine was the usual site of the lesion, but almost the entire small intestine 
might be affected. The swollen, somewhat rigid, intestinal loops had a deep red color 
(Fig.  1)  in sharp contrast with the pale color of the normal intestine.  Microscopic 
examination  showed that the endothelial  lining of the peritoneum was lost and the 
intestinal wall infiltrated with blood. Hemorrhagic infiltration reached the mucosa and 
blood entered the intestinal lumen freely. Peritoneal fluid was blood-stained  and, as 
might be expected, its protein content was usually at least half that of the plasma of 
the blood. 
Solutions of histamine 0.15 molar were strongly alkaline with pH 11.1. 
Histamine  dihydroctdoride (Text-fig.  8)  did not have the fatal toxicity shown by 
histamine and animals  survived intraperitoneal injection of solutions 0.4 molar.  No 
hemorrhagic lesions of peritoneum nor of the intestinal wall were found after injec- 
tion of solutions from 0.15 to 0.5 molar (Fig. 2). With these injections peritoneal fluid 
increased  during 1 hour but after 3 hours this excess was lost. 
Histamine dihydrochloride in contrast with histamine had acidity of pH 3.7. 
Histamine  acid phospkate had acidity pH 4. Changes following intraperitoneal in- 
jection of solutions were similar to those caused by histamine dihydrochloride.  Solu- 
tions 0.1 molar increased  peritoneal fluid after 1 and after 3 hours: leucocytes were 
304 and 159  ×  10~; turbidity of protein was 112 and 114 units. 
Solutions  of  urea,  1,  2,  and  3  molar,  caused  characteristic  inflammatory 
reactions when injected into the peritoneal cavity. Citrulline, creatinine, and 
histidine  in  concentration 0.3  molar  caused  similar  inflammatory reactions. 
Arginine  caused  inflammation  severe  enough  to  retract  the  omentum.  Its 
toxicity was greater than that of the amino compounds just cited. Histamine 
caused accumulation of leucocytes, exudation of protein, and retraction of the 
omentum in solutions weaker than those of arginine which had the same effect. 
Its  toxicity was  greater  than  that  of arginine.  Both histamine  and  arginine 
injured the peritoneal membrane so that blood escaped into the cavity. Hemor- 
rhage into the peritoneum and the wall of the small intestine was a remarkable 
feature of the injury caused by the two amino acids. It will be shown later that 
this  lesion  accompanied  inflammation  caused  by  sodium  hydroxide and  by 
ammonium hydroxide when their alkalinity approximated pH 11. The alkalinity 
of arginine and of histamine in solutions that produced hemorrhagic lesions of 
peritoneum and intestinal wall were approximately pH 9.6 and pH 11 respec- 
tively. 
When  arginine  was  combined  with  hydrochloride  acid  to  form  arginine 
monohydrochloride it lost its alkalinity. The acid hydrochloride was an active 
inflammatory irritant  and  caused exudation of fluid, leucocytes, and protein 
but did not retract the omentum (Table X, Text-fig. 3), and was not  fatally 
toxic in the solutions that were tested. It did not cause the hemorrhagic lesions 
found with arginine. 442  PHAP~ACOLOGY  OF  INI~LA~TION 
Similar  statements can be made  in reference  to  histamine and histamine 
dihydrochloride. Alkalinity of  histamine  in  solution 0.15  molar was  pH  11 
whereas  the  acidity of histamine dihydrochloride was pH  3.7.  It causes in- 
flammation with peritoneal accumulation of fluid, leucocytes, and protein but 
in the solutions tested, no retraction of the omentum, no fatal toxicity, and no 
hemorrhagic lesions of peritoneal or intestinal wall. Histamine acid phosphate 
had a  relation to histamine similar to that of histamine dihydrochloride. 
The amino compounds urea, citrulline, and creatinine and the amino acids 
glycine, alanine,  histidine,  arginine,  and  histamine when injected  into  the 
peritoneal cavity produce inflammatory reactions with activity increasing in 
the order in which they are listed and in accord with the increasing severity of 
necrosis when the same compounds were injected into the dermis (1). 
The  inflammatory reactions following intraperitoneal injection of arginine 
and of histamine are similar save for greater activity of the latter. 
Severe injury of the blood vessels of the peritoneum with hemorrhage occurs 
in association with the alkalinity of solutions of histamine and of arginine and 
does not occur when acidity follows the combination of these amino acids with 
hydrochloric acid. Histamine acid phosphate has a similar relation to histamine 
and is a much less active inflammatory irritant. 
PART  HI 
Inflammation Caused by Acids and Alkalis 
When in earlier experiments (1) hydrochloric acid, 0.1  or 0.01  normal with 
hydrogen ion concentration pH 1 or 2, was injected into the dermis superficial 
necrosis of the skin was evident. When sodium hydroxide 0.1  or 0.01  normal 
with pH  12 or 13 was similarly injected necrosis followed. In the intervening 
range  no  superficial necrosis  was  evident.  This  injury like  coagulation and 
denaturation of protein is greatest in the  more  concentrated  acid  or  alkali 
but with diminishing concentration approaching the isoelectric point of pro- 
teins there is none. The  isoelectric point of proteins of skin and of blood is 
approximately from pH 5.4 to neutrality. 
When in the present experiments hydrochloric acid of graded concentration  (Text- 
fig. 9) was injected into the peritoneal cavity fluid within the cavity increased during 3 
hours after injection of the acid 0.1 and 0.5 normal but no increase occurred with 
weaker acid. Other criteria of inflammation were found: leucocytes increased in the 
fluid during 3 hours with the acid 0.01 and 0.1 normal; the protein  content of the 
peritoneal fluid, as determined by its turbidity, increased with increasing concentra- 
tion of acid and as indicated  by 480 units was at least half that of blood plasma. 
Retraction of the omentum was caused by the acid 0.5, 0.1, and 0.05 normal but not 
by weaker dilutions.  After injection  of acid 0.5 normal hemorrhage in the wall of 
several loops of the small intestine gave them a deep red color and blood entered the 
intestinal lumen. Hydrochloric acid 0.05 normal with pH 2.5 caused retraction of the EUGENE  L.  OPIE  443 
omentum after 3 hours. When hydrochloric acid 0.5 normal with pH 1.5 was injected 
the peritoneal fluid was blood-tinged and hemorrhage occurred in places in the wall of 
the small intestine. 
Sulfuric aci~ in the dilutions used in the present experiments, being a weaker acid, 
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TExT-FIG. 9.  Water movement with inflammation caused by hydrochloric add. 
Water movement after injection of sulfuric acid. 
Water movement after injection of sodium hydroxide. 
Water movement after injection of ammonium hydroxide. 
2V indicates normal acid; R, retraction of the omentum; D, death. Heavy lines along the 
course  of those recording water movement indicate the occurrence  of hemorrhage into the 
peritoneum and wall of the small intestine. 
mused  milder reactions than hydrochloric acid.  Graded concentrations 0.01  to 0.5 
normal failed to overcome fluid absorption from the peritoneal cavity. Nevertheless, 
0.05 normal caused retraction of the omentum after 3 hours. When sulfuric acid 0.5 
normal (Text-fig. 9) was injected the peritoneal fluid was slightly tinged with blood but 
there was no evident hemorrhage into the wall of the small intestine. Leucocytes were 
abundant in the peritoneal fluid and its protein content was indicated by increase 
from 294 turbidity units after  1 hour to 470 units after 3 hours. Retraction of the 444  PHARMACOLOGY OF  INFLAMM;kTION 
omentum after 3 hours was caused by sulfuric acid with pH 2.5 and entrance of blood 
in small quantity into the peritoneal exudate by acid with pH 1.5. 
When in accord with the uniform procedure which was used in these experiments 
sodium  hydroxide 0.01 normal was injected into the peritoneal cavity, fluid was ab- 
sorbed after 1 hour and after 3 hours. With concentration of 0.05 normal, absorption 
of fluid was much less, the omentum was retracted, and blood in small quantity then 
entered the fluid. The wall of the small intestine in a small area became dark red as 
the result of hemorrhage into it. Mter the injection of sodium hydroxide 0.1 normal 
fluid  in  the  peritoneal cavity increased  in  excess of that injected, leucocytes were 
numerous in it, and it was tinged with blood; the omentum was retracted and red. 
The wall of the greater part of the smM1 intestine was deep red and swollen (Fig. 4), as 
the result of hemorrhage into the tissue,  and blood was present within the lumen of 
the intestine. Sodium hydroxide with concentration of 0.4 normal was fatally toxic. 
Retraction of the omentum and scant hemorrhage into tissues in contact with the 
peritoneum occurred when the alkalinity of the injected fluid was pH 12.5. Extensive 
hemorrhage into  the wall of the  small intestine  occurred after injectien of  sodium 
hydroxide with alkalinity approximately pH 13.5. 
Injection of ammonium hydroxide 0.01 and 0.05 normal into the peritoneal cavity 
was followed by absorption of fluid. Ammonium hydroxide 0.1 normal caused evident 
changes in the peritoneal membrane. Mter  1 hour peritoneal fluid was tinged with 
blood and the omentum was retracted and red. The peritoneal surface over several 
loops of the small intestine had the red color of vascular injection but there was no 
hemorrhage into the intestinal wall.  Similar injection was visible over the fat tissue 
about the blood vessels in the mesentery of the intestinal loops with superficial vascu- 
lar injection.  3 hours after injection of ammonium hydroxide 0.1 normal, the distal 
half of the small intestine became deep red and swollen as the result of widespread 
hemorrhage into the wall of the intestine. This hemorrhage evidently penetrated the 
entire  thickness of the  wall so that blood was abundant  within  the lumen of the 
intestine. 
The changes that have been described  show that ammonium hydroxide with alka- 
linity approximately pFI 12.5 after 1 hour caused superficial but evident injury to the 
peritoneum. After 3 hours hemorrhage into the wall  of the  small intestine had oc- 
curred.  Fatal toxicity was caused by sodium hydroxide 0.1 normal but this concentra- 
tion of ammonium hydroxide was not fatal. 
Inflammatory reactions following the intraperitoneal  injection of acids and 
alkalis suggest that similar changes in acidity or alkalinity may have affected 
the  action  of the  electrolytes  (Part  I)  and  amino compounds  (Part  II)  that 
were  used  in  the  foregoing experiments.  The  injected  solutions  in  these  ex- 
periments with some notable exceptions had hydrogen ion concentration from 
pH 5  to pH 7.  In the present experiments acids and alkalis within this range 
have acted as relatively mild inflammatory irritants. 
In foregoing experiments (Part II)  two amino acids, arginine and histamine, 
in solutions tested by intraperitoneal injections had alkalinity comparable with 
that  of  sodium  and  ammonium  hydroxide,  approximately pH  10-11.  It  is EUGENE L.  opts.  445 
noteworthy that the hemorrhagic lesion of the peritoneum and intestinal wall 
following injection of these amino acids, as previously described,  is the  same 
as  that  caused by the  alkalis.  Doubtless  there  were associated  toxic injuries 
with the one and not with the other. When arginine or histamine was combined 
with  hydrochloric  acid  to  form  arginine  monohydrochloride  or  histamine 
dihydrochloride,  solutions were acid  and  caused inflammatory reactions with 
relatively mild activity lacking the hemorrhagic lesion caused by arginine and 
by histamine.  When  histamine  was  combined  with  phosphoric  acid  to  form 
TABLE  XI 
The Relation of Inflammation  to Acidit', and Alkalinity of Sodium  Pkospkates 
.VIonobasic  sodium 
phosphate 
Dibasic  sodium 
phosphate 
After 1 hr. 
pH of 
solution 
0.15  ~  Fluid  Leuco- 
cytes 
exce&q  +  lO  s 
M 
4.4  0.2  467 
8.9  O. 1  168 
11.8  0.1  65  rribasic  sodium 
phosphate 
After 3 hrs. 
Protein 
Fluid  Leuco-  turbidity 
:xcess  cytes  units 
0.2  200 
O. 1  490  333 
0.05 
Retraction 
of 
omentum 
M 
0.2 
0.15 
0.05 
Fatal 
toxicity 
None 
(O.lS) 
None 
(0.2) 
0.1 
The table gives the least molar concentration that caused fluid movement in excess of 
the injected fluid. Columns at the right  of these figures record the number  of leucocytes 
in the fluid and its protein content (1). The figures in parenthesis give the molar concentra- 
tion  of solutions that were tested. 
histamine acid phosphate the new compound had acidity of pH 4 and no longer 
caused  hemorrhagic  lesions  of  the  peritoneum  and  of  the  wall  of  the  small 
intestine. 
When monobasic,  dibasic,  and tribasic sodium phosphate  were tested as inflammatory 
irritants (Table XI, Text-fig. 10) the severity of injuries which followed intraperitoneal 
injection increased  with increase of their alkalinity, in solution  0.15 molar from pH 
4.4-11.8.  Dibasic sodium phosphate caused more active inflammatory reaction than 
the monobasic salt in the same molar concentration as shown by movement of fluid 
during 1 and 3 hours. Retraction of the omentum was caused by solutions  of which 
the molar concentration diminished  with increase of the basic ion.  Hemorrhage into 
the wall of the small intestine which was a characteristic lesion of the hydroxides of 
sodium and  of ammonium occurred following  intraperitoneal  injections of  tribasic 
sodium phosphate (Fig. 6). As with the lesion caused by hydroxides superficial vascu- 
lar injection with evident dilatation of blood vessels marked the appearance of the 446  PHARMACOLOGY  OF INFLAMMATION 
lesion and was seen upon the surface of the cecum and over the adipose  tissue  that 
surrounds the arched blood vessels of the mesentery. With similar injections of mono- 
basic and dibasic phosphates there were no hemorrhagic lesions of the small intestine 
(Fig. 6). 
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T~xT-FIO. 10.  Water movement with  inflammation  caused  by  monobasic,  dibasic,  and 
tribasic sodium phosphate. 
Hemorrhage into the wall of the small intestine is indicated by heavy lines along the course 
of those recording water movement. R indicates retraction of the omentum and D, death. 
s~Y  Am)  CONCLUSIONS 
Changes characteristic of an inflammatory reaction caused by the injection 
of an injurious agent into the peritoneal cavity were measurable by the quantity 
of peritoneal fluid, by the number of leucocytes that entered the cavity, and 
by the abundance of exuded protein. 
Inflammation increased in severity along with ion dissociation and increase 
of the valence of electrolytes. "With chlorides, sulfates, and nitrates it increased EUGENE  L.  OPIE  447 
in each instance with the valence of their basic ions. The reactions caused by 
sodium chloride,  sodium sulfate, and sodium citrate increased  with the valence 
of their acid ions. 
Salts of heavy metals which fix and precipitate proteins caused more active 
inflammation  than did other electrolytes. 
Histamine  and  arginine  caused active inflammatory reactions with similar 
characteristics. 
The  amino  compounds,  urea,  citrulline,  and  creatinine,  glycine,  alanine, 
histidine,  arginine,  and  histamine,  produced  inflammatory  reaction  in  the 
order of severity with which, in foregoing experiments, they had caused necrosis 
when injected into the dermis. 
The  acids  and  alkalis  that  were tested  caused  active  inflammation  when 
their acidity approached pH 1 or their alkalinity pH 11 respectively, but with 
approximate neutrality the inflammatory reaction became scant. These changes 
were in accord with the extent of necrosis  when acid or alkalis,  in foregoing 
experiments, were injected into the dermis. 
When  histamine  or  arginine  combines  with  hydrochloric  acid  to  form 
histamine  dihydrochloride  or  arginine  monohydrochloride  alkalinity  is  lost 
and inflammatory reactions caused by the hydrochlorides are relatively mild. 
The  characteristic  changes which  accompany histamine  and  arginine  do not 
occur.  The combination of histamine with phosphoric acid to form histamine 
acid phosphate has similar relation to histamine. 
Inflammatory reactions caused by monobasic, dibasic, and tribasic sodium 
phosphate increased in activity in accord with increasing  alkalinity referable 
to the basic ions of these salts. 
The activity of inflammatory reactions has been found to vary in accord with 
the chemical  constitution of the injurious agents that have been tested. 
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EXPLANATION OF PLATE 18 
FIG. I. Hemorrhage  into the wall of loops of the small intestine  in its distal  part 
was caused by intraperitoneal  injection  of a  solution  of histamlne  0.15 molar  with 
pH  11  and the injection  was followed by death after  1 hour and 20 minutes.  The 
figures are approximately  natural size. 
FIG. 2.  Peritoneal  surfaces with mud inflammation  caused by histamine  dihydro- 
chloride 0.1 molar with pH 3.7. Similar changes were caused by histamine  dihydro- 
chloride 0.15 molar. 
FIG. 3.  Hemorrhage  into the wall of the small intestine  in an animal  that died  1 
hour and 10 minutes after intraperitoneal  injection of a solution of arginine 0.5 molar 
with pH 11. 
FIG. 4.  Hemorrhage into the wall of the small intestine  caused in 1 hour by intra- 
peritoneal  injection of sodium hydroxide, 0.1 normal with pH 13. 
FIG. 5.  Hemorrhage into the wall of the small intestine  1 hour after intraperitoneal 
injection of tribasic  sodium phosphate  0.15 molar with pH 11.8. 
FIG. 6.  Peritoneal  surfaces with  mild  inflammation  1 hour  after  intraperitoneal 
injection of monobasic sodium phosphate  0.i5 molar with pH 4.4. 
The figures are reproduced from photographs  in colon made by Mr. William Sliva. THE  JOURNAL  O~" EXPERIMENTAL  MEDICINE  VOL. 117  PLATE 18 
(Opie: Pharmacology of inflammation) 